Endotoxins (lipopolysaccharides, LPS) are surface components of gram-negative bacteria that stimulate macrophage activation and cause endotoxic shock. How LPS is recognized by host cells is still an open question, but it is generally accepted that many effeas of endotoxins follow the overproduction of cytokines by macrophages. In the present study, we used fracture-flip and immunolabeling to study the morphology of isolated commercial LPS (C-LPS), the endotoxin release from the bacterial wall in presence of serum (S-LPS), and the distribution of these two endotoxins on the macrophage surface. Cells treated with C-LPS exhibited large LPS
Introduction
The endotoxin shock syndrome represents a major clinical problem with an unacceptable mortality rate (30) . Despite the development of new antibiotics, better therapies are desirable. Many effects of endotoxins on animals are a consequence of the overproduction of cytokines (e.g., TNF-a and ILIO) by macrophages (4,5). The initial molecular events that activate macrophages to synthesize cytokines therefore have a special priority.
Experimentally, the definition of the molecular basis of endotoxicity has proven difficult. The complexity of the lipopolysaccharide (LPS) biochemical structure (23) diversifies the possibilities for specific LPS binding in the host. In addition, the undefined physical state of these amphipatic macromolecules when in aqueous solution (20) obstructs the identification of the relevant LPS receptors on animal cells and the definition of the interaction between LPS and molecular targets.
The first step in cell activation by LPS is its interaction with the plasmamembrane. Binding to lipids (9), sugars (12,24), or membrane proteins (17,31) may be necessary for LPS-initiated cell activation or damage. The possible existence of key intracellular targets has been also proposed (10).
CR is the recipient of a postdoctoral fellowship from the Spanish Ministry of Education.
* To whom correspondence should be addressed. aggregates bound to smooth and particulate areas of the membrane and to microvilli. In contrast, macrophages incubated with S-LPS showed a uniform monodispersed labeling over the free surface of the membrane. Our results show that fracture-flip provides high-resolution images of the binding of ligands to the cell surface. They also suggest the importance of using highly dispersed LPS suspensions when the mechanisms of cell activation and damage by endotoxins are studied. Electron microscopy has become an essential tool in the identification and characterization of endotoxins in biological samples. It can also provide valuable information about the effects of LPS in membrane architecture, and is helpful in the analysis of the affinity of LPS for biological membranes (8). Here, we have studied the interaction of bacterial endotoxins with alveolar macrophages, cells that are permanently activated in vivo against possible bloodand air-borne pathogens (13). To this end, we used fracture-flip, a method developed in our laboratory to obtain extended highresolution views of the cell surface and to assess the distribution of specific ligands as labeled by immunogold conjugates (2, 18, 25) . With this technique we have been able to distinguish the distribution of two different endotoxins, characterized by their aggregation states, after attachment to the macrophage surface. Fractureflip has provided fine structural details of the macrophage surface and images that recommend the use of dispersed LPS suspensions in the definition of the physiological pathways of endotoxin action.
Materials and Methods
Ultrastructural Studies of Commercial IPS. Commercial LPS (from E. coli Olll:B4), obtained by phenol-water extraction (29) and supplied by Difco (Detroit, MI) was dispersed by sonication ( 5 min in a Branson 2200 bath sonicator) at a final concentration of 0.5 mglml in HBSS (Hank's balanced salt solution). The suspension was visualized after attachment of the LPS aggregates to EM grids (made hydrophylic by glow discharge) and RISCO, PINTO DA SILVA negative staining. without drying, with 2 % ammonium molybdate for 8 min. The same preparation was observed after shadowing with platinum the LPS aggregates previously frozen, fractured, and adsorbed to a carbon layer produced after freeze-fracture in a Balzers 400D freeze-fracture unit. LPS at the same concentration and dispersed by sonication in normal rat serum (Sigma; St Louis, MO) was also processed by conventional freezefracture (19) . The samples were then observed in a Philips 401 electron microscope.
Serum Treatment of Bacteria. Bacteria (E co~zOlll:B4 at the exponential phase of growth) were kindly provided by Dr. T.G. Wood (Recombinant DNA Laboratory, FCRDC; Frederick, MD), and small pellets (approximately 5 x lo7 cells per sample) were washed with saline and re-suspended in 1 ml of normal rat serum to potentiate LPS release (28) . These suspensions were incubated at 37°C for 30.60, or 120 min, washed with PBS, and fixed for 1 hr with 1% glutaraldehyde at room temperature. After washing again with PBS, the cell suspensions were glycerinated (with increasing concentrations of glycerol and, finally, 30 min with 30% glycerol), frozen in a mixture of solid-liquid nitrogen, and processed for fracture-flip (to visualize the bacterial surfaces), following the steps previously described in detail (2) . Some of the replicas were treated for immunolabeling before platinum shadowing, following basically the procedure and criteria for label specificity already described (3). The labeling procedure started with a saturation step to avoid nonspecific binding [30 min with RPMI 1640 medium (Gibco; Gaithersburg, MD), plus 30 min with 2% BSA in PBS] followed by a 2-hr incubation with polyclonal rabbit anti-LPS antibodies (Biodesign; Kennebunkport, ME) diluted 1:lOO in 2% BSA. A non-immune rabbit serum was used as cytochemical control. After three washes (20 min each) with 2% BSA, the saturation step with RPMI medium and 2% BSA was repeated as before, and the replicas were then incubated for 1 hr with a 10-nm conjugate of protein A-colloidal gold (EY Laboratories: San Mateo, CA) diluted 1:30 in 2% BSA. After washing three times with 2 % BSA and three more with PBS, the carbon replicas were picked up, dried, and shadowed with platinum under vacuum in a Balzers 400D freeze-fracture unit.
Isolation of Macrophages and Treatments. Pulmonary alveolar macrophages were obtained by tracheal lavage from adult Sprague-Dawley rats (provided by the Animal Facilities, NCI, FCRDC), as previously described (14). Macrophages were collected by centrifugation at 800 rev min-' for 5 min, suspended in HBSS, and washed twice. The harvested cells were plated (1-1.5 x lo6 cells ml-') into 35-mm tissue culture dishes (Falcon Labware; Becton Dickinson, Oxnard. CA) containing glass specimen carriers (Balzers; Hudson, NH) and were allowed to attach for 30 min at room temperature. After the attachment, the carriers were washed twice with HBSS to remove non-adherent cells, transferred into pre-warmed HBSS, and immediately incubated for 20 min at 37°C with HBSS (control cells), C-LPS (0.5 mglml in HBSS), or a suspension of LPS released from bacteria pretreated for 2 hr with serum at 37'C (S-LPS). A large amount of bacteria was used to obtain these suspensions, in order to obtain a final theoretical equivalent concentration (in wg/ml) of LPS [assuming 2 x lo6 molecules of lipopolysaccharide per bacterium (20) and an M w for LPS ~2 0 , 0 0 0 D (22) ].
We also considered that all the LPS is released by the serum treatment, as fracture-flip and LPS immunolabeling showed that the outer membrane of bacteria completely disintegrates with serum treatment (see Results). After incubation, the suspensions were centrifuged in a microfuge to precipitate the bacteria, and the supernatants containing the released LPS (S-LPS) were collected and used for incubating the macrophages. The incubations were stopped by washing the cell monolayers with HBSS, followed by fixation with 1% glutaraldehyde in PBS (1 hr at room temperature). After washing with PBS, the monolayers of macrophages were treated for LPS immunolabeling, following the same labeling procedure described above. After glycerination, a sandwich was made between the glass carriers (containing the labeled monolayers) and gold carriers; the samples were then frozen and processed for fracture-flip.
Results

Morphology of LPS
The morphology of the aggregates that C-LPS forms in aqueous suspension was analyzed by negative staining and by platinum shadowing. Staining with ammonium molybdate showed small aggregates and long "ribbons" (8) (Figure 1A) . These filamentous ribbons branched freely and had an average diameter of 12 nm. The small aggregates that were also distinguished in these preparations had a diameter of 10-50 nm. Shadowed material showed small globular aggregates (diameter 20-80 nm) and short filaments ( Figure 1B ). These differences are related to artifacts, as fusion of individual aggregates, that are commonly associated with negative staining procedures (1, 8) .
Sonication of C-LPS in normal serum did not result in more dispersed suspension; on the contrary, the aggregates became larger and with a rough particulate internal texture, perhaps as a consequence of the incorporation of serum proteins ( Figures 1C and ID) . These large aggregates have a diameter of 2200 nm and can be several micrometers in length.
Release of LPS from the Bacterial Wall by Serum Treatment
E. coli treated at 37°C with normal rat serum showed a clear disorganization and loss of the bacterial wall when observed by fractureflip (Figure 2 ). This mainly affected the outer membrane of the wall, where LPS is originally located in intact bacteria (6). After 30 min in serum, many bacteria exhibited no outer membrane or the membrane appeared partially disrupted with formation of small vesicles (Figures 2A and 2B ). Immunolabeling of LPS in these preparations showed that the endotoxin is gradually released ( Figures  2C and 2D ). Presumably this occurs as small aggregates. Quantitative measurements on images of bacteria treated with serum at different times showed a decrease in gold particle density as the disruption of the outer membrane progressed (not shown). After 30 min of serum treatment, a significant proportion of the LPS had been already released, and after 1 hr most of the outer membranes had completely disappeared. In consequence, all the LPS must be in the suspension, probably combined with serum proteins (28) .
Binding of Endotoxins to the Macrophage Surface
High-resolution images of the alveolar macrophage surface were obtained by fracture-flip. At 37°C. the free surfaces of control macrophages presented a smooth cell periphery, with a few particles randomly distributed and large loose clusters of particles and circular depressions, which were usually concentrated in central areas of spreading cells and could be related to the formation of coated pits ( Figure 3A) . Some fibrous material of unknown nature could also be detected on the surface of some cells ( Figure 3B ). These structural characteristics found in the free surfaces of attached macrophages in the present work were described for the adherent surfaces in a previous report from our laboratory (11). An incorrect orientation of the replicas in that work could be the reason for this discrepancy, as the modifications in the manipulation of the samples introduced in this study and the use of surface labeling do Immunogold localization of areas occupied by C-LPS showed large LPS-gold complexes attached to smooth and particulate areas of the membrane and around microvilli ( Figures 4A and 4B) .
In unlabeled cells, the morphology of C-LPS aggregates on the membrane surface was not defined (not shown). This may be a consequence of the rapid incorporation of LPS into the membrane after binding andlor of the collapse of the aggregates during drying of the replica.
Immunolocalization of S-LPS showed a very particulate and dispersed label over the membrane (Figure 5 ) , which is consistent with the expected pattern of a random, monodisperse distribution. The specificity of the labeling was clearly proven, considering the con-trols used (compare Figures 4 and 5 with their cytochemical control in Figure 3) .
Although the concentration of S-LPS, based on a total release from bacteria and theoretical calculations, was made equal to that of C-LPS, we cannot assume that these concentrations are equivalent. Because the concentration also affects the aggregation state of LPS complexes, this could be an additional factor influencing the difference in dispersion of both LPS preparations.
Discussion
The characterization of the molecular pathways of endotoxicity and, in particular, the identification of LPS receptors on host cells are important to develop new therapies for endotoxic shock (16,21). Suitable models that can mimic the physiological conditions of infectious processes should be used for this purpose. In this study we have characterized morphologically the macrophage surface after the binding of two LPS preparations with distinct supramolecular structures.
It is well known that LPS isolated from bacteria by chemical procedures forms large aggregates in aqueous medium (8,26) . As we have seen here, sonicated C-LPS suspensions exhibit large structures of high MW (average >lo6 D) (22) . In contrast, LPS released from bacteria in the presence of serum can be highly dispersed (28) . The transformation of C-LPS by sonication in serum is remarkable. We found that when LPS is sonicated in serum the structures that appear in the suspension are much larger (several micrometers in length), some of them larger than the bacteria themselves. In consequence, in serum C-LPS does not acquire the physical conformation of the S-LPS. The different nature of these two LPS preparations is also shown in the way they interact with the macrophage surface. Cells treated with C-LPS exhibit large aggregates of lipopolysaccharide attached to the membrane. S-LPS attached to the macrophage surface displays a monodisperse, apparently random, pattern. No changes in the membrane ultrastructure were detected, despite the high concentrations of LPS that are necessary to obtain a clearly specific labeling and to visualize the interaction. These high concentrations are widely used in cytochemical studies (7,
1524).
Taking into account the differences that we observed on the surfaces of macrophages treated with the two LPS preparations, we consider it likely that at the functional level the responses of the cells will be distinct. In this way, it was shown that S-LPS is less toxic but a more effective immunostimulant than C-LPS (28) . Therefore, in our view, the use of highly dispersed LPS suspensions is to be preferred for study of the interaction of endotoxins with target cells. This has been previously suggested by data provided by biochemical studies (27, 28) .
At this point, fracture-flip can be, as shown here, a useful tool in the study of the interaction of endotoxins with membranes. Fracture-flip immunocytochemistry combined with quantitative studies can help to analyze time-response effects after the binding of endotoxins to target cells. It can also provide information about how native or synthetic lipopolysaccharides interact with biological membranes, and how these are affected in their fine structural details (redistribution of surface markers, for example) as a consequence of cell activation or damage by endotoxins.
